Venezuela has more than 110 operating reservoirs. However, limnological information is only available for about 20%, despite the fact that several of them are subject to negative impacts (eutrophication) caused by anthropogenic activities in their drainage basins. We analyzed the relationships between nutrients and phytoplankton biomass (as chlorophyll a). A total of 14 reservoirs from the north-central and northeastern regions of Venezuela were assessed. The reservoirs showed different degrees of eutrophication, with the most enriched located in unprotected drainage basins. The systems could be separated according to low (<20µg/l) and high (>20µg/l) total phosphorus concentrations. Furthermore, in reservoirs with low NO 3 :NH 4 ratios, Cyanobacteria were dominant, whereas other phytoplankton groups were dominant in high NO 3 :NH 4 ratios. Our results showed a significant linear relationship between chlorophyll a concentrations and nutrients, phosphorus and nitrogen. This is because both nutrients can be limiting for phytoplankton growth, at least in some systems. Following these results, we suggest that the control or mitigation of eutrophication in Venezuelan reservoirs should be based on an improved management of the drainage basins, rather than simply that of the reservoirs themselves. Keywords: Eutrophication; Venezuelan reservoirs; TN:TP ratio; NO 3 :NH 4 ratio; phytoplankton biomass.
INTRODUCTION
The explosive demographic growth in Latin America during the last few years, and consequently the demand for water resources, has accelerated the construction of artificial lakes for multiple uses: to supply water for industrial use and drinking purposes, irrigation and generation of hydroelectric power, amongst others (Ryding & Rast 1992) . However, many of these reservoirs have suffered the consequences of eutrophication, which has interfered with their functions (Matsumura- Tundisi et al. 1981 , Harper 1992 , Ryding & Rast 1992 , Pütz & Benndorf 1998 , Smith & Schindler 2009 ).
Eutrophication has been defined as a natural ageing process of the catchment areas of water bodies, which continuously become shallower and more productive from a biological point of view (Rhode 1969 , Schindler 2006 ). This process leads to an increase in the amount of nutrients in the water, especially nitrogen and phosphorus and under natural conditions can take hundreds of years to complete (Branco 1984 , Rocha & Branco 1986 , Tundisi & MatsumuraTundisi 2008 ). However, due to intense urbanization together with industrial activities, a considerable increase in the discharge of nitrogen and phosphorus occurs in some aquatic ecosystems, leading to an acceleration in the eutrophication process (Rocha & Branco 1986 , Tundisi & Matsumura-Tundisi 2008 , known as "cultural eutrophication" (Schindler 2006 ). This nutrient enrichment, derived from both point and non-point anthropogenic sources, results in a rapid increase in biological productivity and significant reductions in the transparency of the water column, leading to a wide range of undesirable changes in the water quality of aquatic ecosystems (Schindler 2006) . Ryding & Rast (1992) define eutrophication as the enrichment of nutrients in water that provokes the stimulation of a series of symptomatic changes, amongst which the increase in the production of algae and macrophytes and the deterioration in water quality are undesirable as they interfere with water use.
Venezuela has more than 110 operating reservoirs (MINAMB 2007) distributed over the entire country and which are used for multiple purposes: the supply of drinking water and water for industrial uses, the generation of hydroelectric power, irrigation, flood control and recreation. However, limnological information is only known for about 20% of these, in spite of the fact that anthropogenic activities that have developed within their catchment areas have been reflected in the eutrophication of the reservoirs: high nitrogen and phosphorus concentrations, high densities of phytoplankton and/or macrophytes, cyanobacterial blooms and poor water quality (Infante et al. 1992 , 1995 , González et al. 2003 , González 2008 , González et al. 2009 .
In this study, we aimed to analyze the relationships between water transparency, nutrient concentrations, and phytoplankton biomass (estimated as chlorophyll a) in 14 reservoirs in Venezuela. We suggest that some of these relationships could constitute valuable tools for the determination of the trophic states of reservoirs and their management.
METHODS

STUDY AREAS
Nutrient mean values from the euphotic zone were compiled from reservoirs studied from 1993 to the present day (Figure 1 ). The reservoirs are all located in the north-central and northeastern regions of the country. Níquel, 7: El Pueblito, 8: El Cigarrón, 9: El Cují, 10: El Andino, 11: La Mariposa, 12 : La Pereza, 13: Pao-Cachinche 1 (western wing with uptake point and outlet), 14: Pao-Cachinche 2 (eastern wing without outlet), 15: Quebrada Seca. Figura 1. Mapa de Venezuela mostrando la ubicación relativa de los embalses. 1: Agua Fría, 2: Taguaza, 3: Lagartijo, 4: Clavellinos, 5: Tierra Blanca, 6: Loma de Níquel, 7: El Pueblito, 8: El Cigarrón, 9: El Cují, 10: El Andino, 11: La Mariposa, 12: La Pereza, Agua Fría (AFR): Located within a protected area (Macarao National Park, Miranda State). Used to supply drinking water to the city of Los Teques (population approximately 172,000). This reservoir shows low nutrient concentrations, but the water level has declined over the years due to an increase in the demand for drinking water. Meromictic with a tendency to warm monomictic, following Lewis' (1983) criteria; shows hypolimnetic anoxia during the rainy season (González et al. 2004a) .
Taguaza (TAG): Located within a protected area (Guatopo National Park, Miranda State). Used to supply drinking water to areas surrounding the city of Caracas (population approximately 4 million). Shows low nutrient concentrations. Meromictic with a tendency to warm monomictic and with permanent hypolimnetic anoxia (González et al. 2002) .
Lagartijo (LAG): Located within a protected area (Guatopo National Park, Miranda State). Used to supply drinking water to the city of Caracas (population approximately 4 million). Shows low nutrient concentrations, but due to the increasing demand for water by the metropolitan area of Caracas, water is pumped to the reservoir from the Tuy river (a highly contaminated river) after sedimentation and chlorination, although this pumped water only affects a small part of the water body. Meromictic with a tendency to warm monomictic and with nearly permanent hypolimnetic anoxia (Infante et al. 1992 .
Clavellinos (CLA): Located in Sucre State and used to supply drinking water to the town of Carúpano and Nueva Esparta State (population 512,366) as well as for irrigation. High nitrate concentrations were detected in its waters, possibly from the use of fertilizers on the surrounding land. Warm monomictic; shows anoxic conditions in the hypolimnion during the rainy season (Merayo & González 2010) .
Loma de Níquel (LNI): Situated in Aragua State, the water is used for the cooling of the turbines after nickel extraction. The reservoir suffers moderate impact but has a high cyanobacteria density. LNI was only sampled twice and was found to be thermally stratified .
Tierra Blanca (TBL): Situated in Guárico State and used to supply drinking water to the city of San Juan de Los Morros (population 85,000), as well as for recreational purposes. Its drainage basin is partially protected, although this is limited by free public access. The water level fluctuates strongly due to demand. Meromictic with a tendency to warm monomictic and with nearly permanent hypolimnetic anoxia (González 2006) .
El Pueblito (EPU): Located in Guárico State and used for flood control, subsistence agriculture, irrigation and recreation. Shows moderate nutrient concentrations. Classified as warm monomictic according to the criteria of Hutchinson (1957) and Lewis (1983) , with hypolimnetic anoxia during the rainy season (González 2000a) .
El Cigarrón (ECI): Located in Guárico State and used for flood control, subsistence agriculture and irrigation. Shows high nutrient concentrations due to the use of fertilizers in the surrounding areas. Warm monomictic; with hypolimnetic anoxia during the rainy season (unpublished data).
El Andino (EAN): Located in Anzoátegui State. Used for subsistence agriculture and irrigation. Shows moderate nutrient concentrations due to the use of fertilizers in the surrounding areas. Warm monomictic; with hypolimnetic anoxia during the rainy season (Infante et al. 1995 , González 2000b .
El Cují (ECU): Situated in Anzoátegui State and used for the supply of drinking water to the towns of Onoto and Zaraza, as well as for flood control and irrigation. Warm monomictic; with hypolimnetic hypoxia and anoxia during the rainy season (Infante et al. 1995) .
La Mariposa (LMA): This is an urban reservoir, located 8 km from the city of Caracas (population approximately 4 million) and used to supply drinking water as well as for recreation. The catchment area is highly intervened and its waters show high nutrient concentrations, which has recently produced excessive growth of the macrophyte Eichhornia crassipes. In spite of low residence times, its waters show thermal stratification during the rainy season, when hypoxic conditions may also be detected in the hypolimnion .
La Pereza (LPE): Located in Miranda State and used for recreational purposes and the supply of drinking water to areas surrounding Caracas (population approximately 4 million). Its waters show high nutrient concentrations, which come from nearby pig and chicken farms, as well as waste waters from a galvanized steel factory. Warm monomictic; with anoxic conditions in the hypolimnion during the rainy season .
Quebrada Seca (QSE): Located in Miranda State and used for purifying untreated water from the Tuy river before pre treating and pumping it to the Lagartijo reservoir, from which it is used to supply drinking water to Caracas. Its catchment area is highly intervened, with surrounding rural communities that discharge their waste waters directly into the reservoir. It mixes only once a year (warm monomictic) and shows hypolimnetic anoxia during the rainy season .
Pao-Cachinche (PCA): Located between Carabobo and Guárico States. Supplies drinking water to the cities of Valencia, Maracay, San Carlos and neighboring areas (population approximately 2 million). Shows high nutrient concentrations due to inadequately treated domestic and industrial waste, as well as discharges from chicken and pig farms in its drainage basin, all of which are transported to the reservoir via its tributaries. Meromictic, with a tendency to warm monomictic; showed permanent hypolimnetic anoxia (González et al. 2004b) .
SAMPLING AND SAMPLE ANALYSES
Monthly or bimonthly samples were taken covering at least an annual cycle, except for Loma de Níquel reservoir as stated in the previous section.
Samples were taken using a van Dorn type bottle in the limnetic region of reservoirs.
Water transparency (SD) was measured with a 20cm diameter Secchi disk. The euphotic zone of each water body was defined as 3 times Secchi disk transparency (Cole 1994) , in order to relate it to the phytoplankton biomass. Dissolved nutrients were analyzed from samples filtered "in situ" with a 0.45µm Millipore Membrane Filter and maintained under cold dark conditions until analysis. Nitrites were analyzed by diazotization with sulfanilamide and coupling with N-(1-naftil)-ethylendiamine (Strickland & Parsons 1968) , nitrates by reduction to nitrites using a cadmium-copper column and then by diazotization with sulfanilamide and coupling with N-(1-naftil)-ethylendiamine (Strickland & Parsons 1968) , ammonium by the formation of an indophenol compound using the phenol -sodium hypochlorite method (Solórzano 1969) and orthophosphates by the formation of the phospho-molybdic complex with ascorbic acid (Murphy & Riley 1962) . Total nitrogen (TN) and total phosphorus (TP) were measured simultaneously by the digestion of nonfiltered samples, using potassium persulfate and autoclaving for 30 minutes at 110°C (Valderrama 1981) .
Phytoplankton biomass was determined as the concentration of chlorophyll a; samples were taken in the euphotic zone of the reservoirs using a van Dorn type sampling bottle (3-liters). Samples were maintained in cold dark conditions and filtered as soon as possible using Whatman GF/C glass-fiber filters. The photosynthetic pigments were extracted with ethanol at 75°C (Nusch & Palme 1975) . The dominant phytoplankton groups were noted for each reservoir, after sedimentation in Utermöhl chambers and counting under an inverted Zeiss IM microscope.
DATA ANALYSES
The trophic states of the reservoirs were defined using the criteria of Salas & Martino (1991) for warm tropical lakes. Linear regressions were performed between phytoplankton biomass (chlorophyll a) and nutrients based on mean values from euphotic zone. In order to approach normality, data were log 10 transformed. We checked for Spearman correlations to assess the influence between variables. Cluster analysis was done to separate the reservoirs into groups according to the following variables: mean depth, water transparency, concentrations of TP, TN, orthophosphates, nitrites, nitrates, ammonium and chlorophyll a, as well as the TN:TP and NO 3 :NH 4 ratios. The City Block (Manhattan) grouping method was used as this gives less data distortion. All statistical tests were done using the PAST program, version 1.93 (Hammer et al. 2001) .
RESULTS
Mean values of the measured variables and dominant phytoplankton groups are shown in Table  2 . It can be observed that the reservoirs show a wide range of conditions between ultra-oligotrophic and hypertrophic systems and have different groups of dominant phytoplankton. The trophic states of the reservoirs, following the criteria of Salas & Martino (1991) for warm tropical lakes according to the TP, are also given in Table 2 .
All of the reservoirs assessed underwent thermal stratification during the study period and were classified as warm monomictic or meromictic with tendency to warm monomictic, following the cited authors (see "Study areas").
In the least enriched reservoirs, Agua Fría and Taguaza, Chlorophyta was the dominant phytoplankton group (up to 70% of relative abundance) during almost the whole year with Cosmarium sp. (green algae), Cyclotella sp. (Bacillariophyta) and Cryptomonas erosa (Cryptophyta) as the dominant species. In both water bodies orthophosphate (PO 4 ) concentrations were less than 10µg/l while dissolved inorganic nitrogen (DIN= nitrate + nitrite + ammonium) was less than 100µg/l.
The Lagartijo reservoir also showed low values of PO 4 and DIN and green algae dominance (more than 40% of total phytoplankton), although Sphaerocystis schroeteri was the dominant species. The Clavellinos reservoir showed low PO 4 concentrations, but DIN was >100µg/l. In this reservoir, Achnanthidium minutissimum (Bacillariophyta) was the dominant species especially during the mixing period, while Staurastrum, Cosmarium and Tetraedron (Chlorophyta) increased in abundance during thermal stratification of the reservoir.
The other reservoir with low nutrient concentrations (PO 4 and DIN) was Loma de Níquel. However, this reservoir was studied for just two months during thermal stratification when Cyanobacteria (mostly Leptolyngbya limnetica) accounted for more than 60% of total phytoplankton.
The following reservoirs showed >20µg/l TP concentrations, although some of them had low DIN and PO 4 values:
In Tierra Blanca reservoir, Bacillariophyta showed high relative abundances (>40%), followed by Chlorophyta. The diatoms Navicula (mainly), Aulacoseira, Cyclotella, Stephanodiscus and Synedra were the dominant genera, followed by the green algae Chlorella, Monoraphidium, Oocystis and Schroederia. Annual averages of PO 4 and DIN were 2.88µg/l and 77.91µg/l, respectively.
In El Pueblito reservoir, Cyanobacteria (Cylindrospermopsis raciborskii, Synechococcus sp., Oscillatoria punctata and Lyngbya limnetica) and Bacillariophyta (Aulacoseira granulata, Cyclotella spp. and Synedra ulna) were the dominant groups during the study period. Chlorophyta (mainly Schroederia setigera) increased their abundance during the rainy season (reservoir was thermally stratified). The mean PO 4 concentration was low (1.06µg/l), but the DIN concentration was close to 100µg/l (82.21µg/l).
El Andino and El Cují reservoirs showed similar average PO 4 and DIN concentrations (2.40µg/l and 90.50µg/l, respectively, for El Andino, and 2.98µg/l and 97.73µg/l, respectively, for El Cují). In both reservoirs, Cyanobacteria dominated the phytoplankton community during most of the year. Cylindrospermopsis raciborskii and Dactylococcopsis acicularis were present in high densities in both reservoirs, especially in El Andino, while in El Cují some green algae species were noted in high numbers (Monoraphidium tortile and Oocystis lacustris). Cryptomonas erosa (Cryptophyta) was abundant at the beginning of the thermal stratification period (April).
The rest of the reservoirs presented PO 4 concentrations greater than 10µg/l, and except for Quebrada Seca, also showed high average DIN values (>100µg/l). In El Cigarrón, Cyanobacteria represented more than 60% of total phytoplankton during several months, with Merismopedia elegans as the dominant species. Cylindrospermopsis raciborskii (Cyanobacteria) and Monoraphidium sp. and Schroederia setigera (Chlorophyta) were also present in high densities.
La Mariposa and La Pereza reservoirs showed higher concentrations of PO 4 and DIN (mainly nitrates). Cryptophyta accounted for more than 60% of the phytoplankton community in La Mariposa, and the dominant species was Cryptomonas erosa. On the other hand in La Pereza, the phytoplankton community was dominated by Bacillariophyta (Cyclotella meneghiniana, Aulacoseira granulata, Synedra sp. and Navicula sp.), that accounted for about 50% of total abundance and Cryptophyta (Cryptomonas erosa). These reservoirs showed low residence times.
In Quebrada Seca, Cylindrospermopsis raciborskii (Cyanobacteria) was the dominant species during almost the whole study period. Other species that showed high numbers were Oscillatoria sp. and Anabaena sp. Cyanobacteria accounted for more than 60% of total phytoplankton. In this reservoir, a high PO 4 concentration (46.34µg/l) was registered, although DIN was lower than 100µg/l.
In Pao-Cachinche reservoir, high PO 4 (>22µg/l) and DIN (>300µg/l) concentrations were registered, and Cyanobacteria accounted for, on average, almost 90% of total phytoplankton. The dominant species in this reservoir were Cylindrospermopsis raciborskii, Synechocystis aquatilis, Leptolyngbya limnetica, Limnothrix sp., Microcystis spp., Dactylococcopsis acicularis and Rhaphidiopsis curvata. Table 2 . Mean values of measured variables and dominant phytoplankton groups in the studied reservoirs. SD = Secchi depth, Chl-a = chlorophyll a, TP = total phosphorus, TN = total nitrogen.
Tabla 2. Valores promedios de las variables medidas y grupos dominantes del fitoplancton en los embalses estudiados. SD = profundidad de Secchi, Chl-a = clorofila a, TP = fósforo total, TN = nitrógeno total
CORRELATIONS
Phytoplankton biomass (chlorophyll a) was a function of the content of TP in the water (Figure 2 ). It can be clearly noted that the mean concentrations of TP and chlorophyll a in the water bodies are directly proportional to each other. The equation of the line and the coefficient of the linear regression are given; regression coefficient is high, indicating a strong linear association between the two variables. It can also be observed that the reservoirs separate into two discernable groups: i) those with low to moderate concentrations of total phosphorus, and ii) those with high concentrations of this element. 
Figura 3. Relación entre el TN y la clorofila a (Chl-a) en los embalses venezolanos. Abreviaturas de los embalses como en la Figura 2.
As for TP, a high linear regression coefficient was registered between TN and chlorophyll a (Figure 3) . The dispersion of the data was higher in reservoirs with high TN values compared to those with lower TN concentrations (the more oligotrophic systems).
There was also a significant linear relationship between total nitrogen and total phosphorus, with a relatively high linear regression coefficient (R 2 adj.= 0.6219; p<0.05), as shown in Figure 4 . 
Figura 4. Relación entre el N total y el P total en los embalses venezolanos Abreviaturas de los embalses como en la Figura 2.
We also explored the empirical relationship between the TN:TP ratio (based on weight) and the total concentrations of phosphorus in the reservoirs. From Figure 5 it can be seen that as TP concentrations increase, the TN:TP ratio decreases. Furthermore, in reservoirs with low to moderate total phosphorus concentrations the data show a high degree of dispersion, giving a relatively low but significant (p<0.05) linear regression coefficient (R 2 adj.= 0.238). In contrast, data dispersion at high TP concentrations is considerably lower. The TN:TP ratio for all the reservoirs studied was always greater than 9. Investigation into other empirical relationships permitted the extraction of valuable information, in spite of there being no apparent association between the variables measured. At first sight, there is no correlation between total phosphorus and the nitrates:ammonium (NO 3 :NH 4 ) ratio, and the data seems widely dispersed (Figure 6 ). However, a closer look reveals three groups of reservoirs (compare with the relationship between total phosphorus and chlorophyll a which gave two groups). Group 1 is composed by those reservoirs where TP concentrations are low (<20µg/l). Groups 2 and 3 are subgroups of those reservoirs with moderate to high TP concentrations (>20µg/l). Group 2 is made up of those reservoirs where there is a predominance of ammonium over nitrates, some of these with high residence times; in these cyanobacteria dominate. Group 3 is composed by the reservoirs where there are more nitrates than ammonium; residence times are relatively short and the dominant phytoplankton are taxa other than cyanobacteria, such as diatoms, green algae or flagellates. The exception is the Loma de Níquel reservoir that is close to the limit between the reservoirs with low and high TP concentrations that was dominated by cyanobacteria during the sampling periods, and is thus not included in any of the groups described. Other associations between the nutrients, TN, TP, water transparency and chlorophyll a could be detected by non-parametric correlations. Table 3 shows the results where these are statistically significant (p<0.05). The correlations found confirm the linear associations 
CLUSTER ANALYSIS
Based on physical and chemical variables, Venezuelan reservoirs clustered into two large groups (Figure 7 ), which coincided with those separated by low and high total P concentrations. The ultraoligotrophic reservoirs grouped to the right of the graph, with the Loma de Níquel reservoir to extreme left of this group due to its low PO 4 concentration and low NO 3 :NH 4 ratio. This particular reservoir was not included in any of the three groups shown in Figure 6 . From the group of reservoirs with the highest total P concentrations, La Mariposa was the most dissimilar. 
DISCUSSION
This study demonstrated that Venezuelan reservoirs show a wide range of trophic states, where relationships between the physical and chemical variables versus phytoplankton biomass can be clearly appreciated. Total phosphorus concentration criteria according to Salas & Martino (1991) have been proven to be useful for classifying the trophic states of reservoirs to a finer degree than the indexes proposed by Carlson (1977) and Toledo et al. (1983) , which only distinguish between "oligotrophic", "mesotrophic" and "eutrophic" states.
In this study we observed that the reservoirs located within protected areas, such as National Parks, where anthropogenic impact is limited or absent, were either ultra-oligotrophic (Agua Fría and Taguaza) or oligotrophic (Lagartijo). Reservoirs situated in areas with scarce human populations (Clavellinos and Loma de Níquel) or with limited agricultural activities (El Pueblito) could also be classified as oligotrophic, according to Salas & Martino (1991) . However, it should be noted that none of the indexes mentioned (Carlson 1977 , Toledo et al. 1983 , Salas & Martinó 1991 consider nitrogen levels (total or dissolved), even though, nitrogen levels could affect the classification of trophic state, since nitrogenous nutrients increase continuously with an increase in the trophic state (Quirós 2003) . This could be applicable to reservoirs such as Clavellinos and El Pueblito, that showed high nitrates and total nitrogen concentrations, respectively. The other reservoirs show a higher degree of human intervention. This is reflected by the high nutrient concentrations and, consequently, a greater phytoplankton biomass and higher trophic state. Thus the trophic state of each reservoir is, broadly speaking, a consequence of the human activities that occur in its catchment area (Schindler 2006 , Tundisi & Matsumura-Tundisi 2008 .
The association between phosphorus and phytoplankton biomass has been explored by several authors for aquatic ecosystems in temperate zones (Sakamoto 1966 , Dillon & Rigler 1974 , Schindler 1977 , 1978 , Smith 1982 , Prairie et al. 1989 , Watson et al. 1992 , Mazunder 1994ab, Correl 1998 ). However, studies that consider this relationship in subtropical and tropical environments are scarce (Quirós 2002 , Huszar et al. 2006 , and there have been none done at all in Venezuelan water bodies. In the Venezuelan reservoirs investigated during this study, a strong linear association between total phosphorus and the concentration of chlorophyll a was observed. Thus the determination of TP concentration clearly represents a useful tool for the prediction of the degree of eutrophication of water bodies.
The results of the TP -chlorophyll a relationships agree with those of Dillon & Rigler (1974) who investigated 19 Canadian lakes and those of Smith (1982) who surveyed 228 lakes in Florida (USA). However, contrary to our results, in other studies a non-linear (sigmoid) relationship between these two variables has been detected (McCauley et al. 1989 , Watson et al. 1992 , Mazunder 1994ab, Brown et al. 2000 , Quirós 2002 ). This could be explained by several factors, such as: 1) the location of the water bodies in colder regions than those assessed in this study (Smith 1982) , 2) the inclusion of lakes with TP concentrations outside the interval of 3-100µg/l (Brown et al. 2000) , 3) the inclusion of data where the relation TN:TP>12 is not fulfilled (Dillon & Rigler 1974) , 4) the influence of zooplankton grazers such as Daphnia, commonly present in temperate zone lakes and which can control algal biomass (Smith 1982 , but that are normally absent from tropical systems (Lazzaro 1997) , and 5) dominance of inedible phytoplankton such as cyanobacteria in systems with elevated concentrations of total phosphorus (Watson et al. 1992) . Huszar et al. (2006) found a low amount of chlorophyll per unit of TP in 192 lakes from tropical and subtropical lakes, with lower (but significant) R 2 coefficients than our results. This could indicate that factors other than TP are driving the chlorophyll concentrations in those 192 lakes. These authors tested the effect of light on phytoplankton biomass, but did not find any significant relationship, and the effect of TN on the total phosphorus and chlorophyll a relationship, which explained less than 10% of the unexplained variation. They also pointed out differences in the trophic interactions between temperate and subtropical/tropical systems.
The relationship between total nitrogen and chlorophyll a was also significant in the Venezuelan reservoirs, although to a lesser degree than that for total phosphorus. TN affects chlorophyll concentrations, even in those systems where phosphorus is assumed to be the only limiting element (Smith 1982) , as shown by the ratio TN:TP>9 (Salas & Martino 1991) , which was the case for all the reservoirs included in this study. This could be explained by the dependency of algal growth on the internal nutrient concentrations, such as for example, nitrates (Smith 1982) . Similarly, experiments in microcosms have confirmed that an increase in nitrogen concentrations (such as nitrate or ammonium), either in isolation or together with phosphorus, produces a corresponding increase in phytoplankton biomass (Henry et al. 1984 , González & Ortaz 1998 , González 2000b . Thus, chlorophyll a concentrations in some reservoirs could be explained not only by low P concentrations but also low (<100µg/l) DIN concentrations, indicating N-limitation for phytoplankton growth (Reynolds 1984 , Sas 1989 .
A significant linear relationship has also been found between the levels of TN and TP. N concentrations often increase at a lower rate than those of P during the eutrophication process (Quirós 2002) . However the analysis of over 800 lakes worldwide has shown that as TP concentrations increase, systemic processes within lakes allow a greater incorporation of nitrogen into the system, as revealed by the dominance of cyanobacteria that fix atmospheric N 2 (Shapiro 1973 , Quirós 2003 . In this way, the relationship between the increase in the concentration of TP and the decrease in the TN:TP ratio (weight based) can be explained. Based on a worldwide scale, the relation between TN:TP and TP takes on the shape of a decreasing hyperbola (Quirós 2002) : the TN:TP ratio decreases abruptly when TP varies between 1 and 8-10µg/l, declines more gradually at TP concentrations of between 10 and 25µg/l and tends to stabilize at TN:TP values of between 6 and 10 at higher TP concentrations. This would explain the lower dispersion of the data at higher TP concentrations in Venezuelan reservoirs (see Figure 5) .
The Venezuelan reservoirs studied grouped according to the association between the phosphorus content and the NO 3 :NH 4 ratio, which also controls which phytoplankton group will be dominant in each water body (Blomqvist et al., 1994; Quirós 2003) . According to Correl (1998) , when TP concentrations increase beyond 20µg/l, problems related to eutrophication often start to appear. This value marks the delimitation of the groups of reservoirs in most of the empirical analyses (graphs) in this study, as well as the differences that determine the dominant phytoplankton group. In addition, in highly enriched Venezuelan water bodies (high PO 4 and TP concentrations), it can be noted that at a NO 3 :NH 4 ratio of less than 0.3, Cyanobacteria became dominant, and genera such as Cylindrospermopsis, Merismopedia, Lyngbya and Oscillatoria, increased their numbers.
During the thermal stratification period in the reservoirs, those with a higher trophic state develop anoxic conditions in the hypolimnion, favoring the presence of reduced substances such as orthophosphates and ammonium, as products of the release of sediments and the decomposition of organic material, respectively (Horne & Goldman 1994 , Wetzel 2001 . With an increase in nutrient concentrations, the relative abundance of the cyanobacteria also increases, while the importance of other phytoplankton groups declines (Pizzolon 1996 , Watson et al. 1997 . Thus, under eutrophic conditions and a stable water column, cyanobacteria dominate (Reynolds 1984 , De León & Chalar 2003 , Becker & Motta Marques 2004 . Cyanobacteria dominate in eutrophic lakes, amongst other reasons, due to their ability to fix atmospheric nitrogen when the TN:TP ratio is low, by monopolizing ammonium as a source of nitrogen and by shading out other algae (Shapiro 1973 , Quirós 2003 , Ferber et al. 2004 . In contrast, low TP concentrations and the predominance of oxidized forms of nitrogen and unstable water columns (for example, those with short residence times), favor other phytoplankton groups, as noted for Agua Fría, Taguaza, Lagartijo and Clavellinos reservoirs, where green algae and diatoms were the dominant groups. In the case of the Loma de Níquel reservoir that does not seem to conform to any of the three reservoir clusters, the apparent stability of the water column allowed cyanobacteria to dominate in spite of relatively low TP concentrations. Furthermore, this water body also showed low DIN concentration, which could promote the proliferation of cyanobacteria, as registered for some lakes (Huszar & Caraco 1998) .
The high R 2 values and correlations found for Venezuelan reservoirs are consistent with those expected during the eutrophication process, which affects water clarity. The rise in nutrient concentrations produces conditions that promote an increase in biological productivity in general (Wetzel 2001) . Thus, an increase in N and P concentrations leads to an increase in phytoplankton biomass and a decrease in water transparency.
The cluster analysis separated the reservoirs into two large groups, although differences could be observed within each of them. The clusters coincided with the two groups separated empirically: low and high phosphorus concentrations with the limit between the groups defined as being around 20µg/l, following Correl (1998) . In group 1, TP concentrations were less than or close to 20µg/l. This group is composed, broadly speaking, by the ultraoligotrophic reservoirs at one extreme and reservoirs classified as oligotrophic or oligo-mesotrophic with low TP concentrations and low to moderate nitrogen concentrations (dissolved or total) (Lagartijo, Clavellinos and Loma de Níquel). The Loma de Níquel reservoir was at the limit of this group, as for the grouping pattern related to the NO 3 :NH 4 ratio. Tierra Blanca was the only group 1 reservoir with concentrations of TP>20µg/l, but concentrations of orthophosphates were very low (<3µg/l), which explains its association with this group. Group 2 includes reservoirs with moderate to high phosphorus concentrations (TP >20µg/l) and is made up of the rest of the reservoirs, which were classified as oligomesotrophic to hypertrophic. Thus, cluster analysis separated the more eutrophicated reservoirs at the extreme furthest from the oligotrophic reservoirs. Furthermore, it should be noted that the two wings of the Pao-Cachinche reservoir were never found together in the analyses although they were always close to each other. The eastern wing (PC2), which did not have either water entering or leaving the reservoir and thus no water renewal, showed a higher degree of eutrophication than the western wing where both the water outlet and inlet are located.
From both the empirical and statistical analyses, it seems clear that for the Venezuelan reservoirs included in this study that fulfill the conditions of thermal stratification and with ratios of TN:TP>12, phosphorus is the most important element for determining trophic state. Problems associated with eutrophication could start to show at concentrations over 20µg/l, even when the effects of nitrogen (dissolved or total) are not taken into account. These results agree with Carpenter (2008) and Schindler et al. (2008) , who stated that the focus of management must be on decreasing inputs of phosphorus to reduce eutrophication.
In addition, the NO 3 :NH 4 ratio could also permit the differentiation of subgroups of reservoirs, according to the dominance or not, of cyanobacteria. This ratio is closely linked to the trophic state of water bodies and thus, in general, to the TN:TP ratio (Quirós 2003) .
The strong linear relationships between nutrients and phytoplankton biomass provide useful tools for predicting the trophic states of reservoirs, and should thus be incorporated as factors for the management of Venezuelan reservoirs. As for other aquatic ecosystems worldwide, the increase in N and P concentrations produces a corresponding increase in aquatic productivity. Thus, in order to control or mitigate the effects of eutrophication the management of water bodies should be based on the management of the drainage basin, as noted by Kosten et al. (2009) . This management should include: a) the protection of catchment areas and the application of policies regulating anthropogenic activity within them, b) the establishment of regulatory measures that properly control waste discharge, nutrients and organic loads, and c) permanent monitoring of water quality in reservoirs and their tributaries (Straskraba & Tundisi 2000 , Schindler 2006 , Tundisi & Matsumura-Tundisi 2008 ).
